Background: Mothers against decapentaplegic homolog 3 (SMAD3) and FNDC5/irisin are molecules that modulate energy metabolism and body weight regulation. Results: SMAD3 negatively regulates irisin during exercise and suppresses FNDC5 and PGC-1␣ in cultured skeletal muscle cells. Conclusion: SMAD3 suppresses irisin/FNDC5 in skeletal muscle. Significance: This study sheds light on the poorly understood regulation of irisin/FNDC5 in skeletal muscle.
cise increases serum irisin and skeletal muscle FNDC5 (irisin precursor) and its upstream activator peroxisome proliferatoractivated receptor ␥ coactivator 1-␣ (PGC-1␣) to a greater extent than in wild-type mice. In C2C12 myotubes, TGF-␤ suppresses FNDC5 and PGC-1␣ mRNA and protein levels via SMAD3 and promotes SMAD3 binding to the FNDC5 and PGC-1␣ promoters. These data establish that SMAD3 suppresses FNDC5 and PGC-1␣ in skeletal muscle cells. These findings shed light on the poorly understood regulation of irisin/ FNDC5 by demonstrating a novel association between irisin and SMAD3 signaling in skeletal muscle.
The dramatic rise in global obesity prevalence is a growing health concern. Obesity is the leading cause of type 2 diabetes mellitus and increases the risk of hypertension, dyslipidemia, and metabolic syndrome in addition to costing the United States $147 billion/year (1) (2) (3) . Obesity is a multifaceted disease encompassing numerous tissues, but at its core obesity results from an imbalance between energy intake and energy expenditure. Excess calories consumed are stored as triglycerides primarily in white adipose tissue (WAT) 2 but also ectopically in liver, muscle, and pancreas resulting in tissue dysfunction and insulin resistance (4, 5) . Thus, preventing excessive fat accumulation represents an attractive avenue for obesity therapeutics.
Mammals, including adult humans, have two classes of adipose tissue that function in opposition to WAT to burn stored fat and are a major contributor to the basal metabolic rate (6 -11) . Brown adipose tissue (BAT) is characterized by high expression of the mitochondrial protein uncoupling protein-1 (UCP-1) and its transcriptional regulator peroxisome proliferator-activated receptor ␥ coactivator 1-␣ (PGC-1␣) and functions primarily to generate heat (6, (12) (13) (14) . Beige adipose cells display an intermediate phenotype between WAT and BAT cells and are predominantly found interspersed within WAT and in some instances in skeletal muscle (9, 15) . Most interesting to researchers searching for obesity treatments is that an increased abundance of beige adipose cells can be induced by exercise, hormone stimulation, or cold exposure, suggesting that pharmacological intervention may also increase beige adipose cell abundance (15) (16) (17) .
Irisin is a recently discovered myokine involved in energy metabolism and weight loss by inducing WAT browning through the p38 MAPK and ERK pathways (16, 18) . Other studies suggest that irisin may induce browning centrally through a PGC-1␣ estrogen-related receptor-␣ BDNF pathway (19, 20) . Irisin is a cleavage product of the membrane protein FNDC5 (fibronectin type III domain containing 5) (21, 22) and is a PGC-1␣-regulated hormone secreted from skeletal muscle cells dur-* This work was supported, in whole or in part, by the National Institutes of Health intramural program. 1 ing (or following) exercise (16) . Subsequent to its discovery, circulating irisin was found in adult humans and shown to be induced by exercise (23) (24) (25) (26) (27) and by cold exposure (28) . Recently, a series of studies have demonstrated that the TGF-␤ pathway plays an important role in energy expenditure and body weight regulation (29 -32) . We previously published that loss of the TGF-␤ effector protein, SMAD3 (mothers against decapentaplegic homolog 3), results in the transformation of WAT to a BAT-like/beige cell phenotype, thus increasing basal energy expenditure and protecting against high fat diet-induced obesity and type 2 diabetes mellitus (31) . However, it is unclear how SMAD3 loss leads to WAT adopting BAT-like/ beige cell characteristics. Interestingly, the phenotypic transition from WAT to beige adipose cells in SMAD3-deficient mice is similar to that induced by irisin, and both appear to be regulated by PGC-1␣ (16, 31) . Thus, we sought to explore the hypothesis that SMAD3 regulates the WAT to BAT phenotypic conversion, at least partially, by negatively regulating irisin production and/or secretion from skeletal muscle. We find that exercise increases serum irisin and skeletal muscle FNDC5 and PGC-1␣ in Smad3 Ϫ/Ϫ mice to a greater extent than in wild-type mice. Following TGF-␤ treatment in cultured C2C12 myotubes, SMAD3 binds the promoter regions of PGC-1␣ and FNDC5 associated with a suppression of PGC-1␣ and FNDC5 mRNA and protein levels. Furthermore, using adenoviral expression of constitutively active SMAD3 and siRNA knockdown of SMAD3 in cultured C2C12 myotubes, we find that TGF-␤ suppresses PGC-1␣ and FNDC5 via SMAD3. These data establish SMAD3 as a novel molecular regulator of irisin/ FNDC5 transcription and strengthen our previous observations that the SMAD3 pathway plays an integral role in regulating whole body energy homeostasis.
EXPERIMENTAL PROCEDURES
Cell Lines and Drugs-C2C12 mouse myoblasts were cultured in a 5% CO 2 incubator at 37°C in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gemini Bio-Products) and 0.5% penicillin:streptomycin (Gibco). C2C12 cells were differentiated into myotubes by culturing in DMEM (Gibco) supplemented with 10% horse serum (Gemini Bio-Products), 1.0 M insulin, and 0.5% penicillin:streptomycin. C2C12 cells were seeded to ϳ80% confluence and were treated in differentiation media for the indicated amount of time prior to experimentation. The drugs were as follows: TGF-␤ (1.0 or 10.0 ng/ml), TGF-␤ receptor-1 inhibitor (SB431543; 1.0 or 10 M; Sigma) (33) or vehicle (DMSO). TGF-␤ was kindly provided by Dr. Kathy Flanders (NCI, National Institutes of Health).
Exercising Mice-C57BL/6J male mice were housed with free access to food and water with a 12 h:12 h light:dark cycle and studied between 8 and 25 weeks of age. The generation of Smad3 Ϫ/Ϫ mice has been described previously (34, 35) . All animal experiments were approved by the National Institutes of Health Animal Care and Use Committees. All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Animals. Mice were subjected to one of three exercise regimes between 6 and 15 weeks of age. The three exercise regimes were as follows: free running via voluntary running wheel (3 weeks) (Single Activity Wheel Chamber System, model 80820); forced running on a treadmill (90 min/day, 2-3 weeks, 12-18 meters/min, 10°incline) (Columbus Instruments, Model Eco-6M); and forced swimming in a countercurrent swim tank (90 min/day, 2-3 weeks, 1.2-1.7 liters/min, 30 -32°C) (36) . During the duration of the exercising, mice were weighed, and serum was collected. The mice were euthanized at the end of the study for further analysis.
High Fat Diet and Metabolic Studies-Male C57BL/6J mice were weaned onto a high fat diet (20% kcal protein, 20% kcal carbohydrates, and 60% kcal fat; Research Diets Inc.) at 3 weeks of age. Body weight, serum irisin, and serum TGF-␤ were assessed at the indicated time points. Fat mass was measured using dual energy x-ray absorptiometry. The mice were euthanized at the end of the study for further analysis. Serum irisin and TGF-␤ were assessed when indicated using an irisin or TGF-␤ ELISA (Phoenix Pharmaceuticals and R&D Systems, respectively). Blood (20 l for TGF-␤ or 50 l for irisin) was drawn from tail bleed (into heparinized hematocrit tubes; Drummond) and centrifuged (6,000 rpm, 20 min). The supernatant was used in an ELISA.
SDS-PAGE and Immunoblotting-Following treatment, C2C12 cells were washed in PBS, and total protein was extracted following homogenization in lysis buffer (Cell Signaling). Following tissue extraction, 100 g of tissue was homogenized in lysis buffer (Cell Signaling). Homogenate was centrifuged (4°C, 14,000 rpm, 15 min), and the supernatant was used to determine protein concentration (Pierce BCA protein assay kit). Following SDS-PAGE (12-50 g of protein), protein was transferred onto a PVDF membrane (PALL Life Sciences) and blocked (5% milk, 90 min). Membranes were incubated with primary antibodies (overnight, 4°C) on a rocker. Immunoblotting primary antibodies were monoclonal rabbit anti-phosphoSmad3 (Ser-423/425) (1:500) (Abcam), polyclonal rabbit antiSmad3 (1:400) (Abcam), polyclonal rabbit anti-FNDC5 (1:1000) (Abcam), polyclonal rabbit anti-PGC-1 (1:400) (Santa Cruz), and monoclonal rabbit anti-GAPDH (1:4000) (Cell Signaling Technology). Following primary incubation, membranes were washed (once for 5 min, TBS ϩ 0.1% Tween 20) and incubated with secondary antibodies (45 min, room temp.). Secondary antibodies were horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit. Following secondary incubation, membranes were washed (three times for 10 min, TBS ϩ 0.1% Tween 20) , and detection of immunoreactive bands was performed using the ECL Western blotting substrate (GE Healthcare). Western blots were quantified with ImageJ software and normalized to GAPDH or total SMAD3.
Chromatin Immunoprecipitation-ChIP was performed using the ChIP-IT Express kit according to the manufacturer's instructions (Active Motif). Following treatment, C2C12 cells were fixed in 1.0% formaldehyde (25°C, 10 min), washed (10 s, PBS), and scraped in ice-cold PBS. Following centrifugation (4°C, 2,500 rpm, 10 min) the pellet was lysed, homogenized using a Dounce homogenizer, and centrifuged (4°C, 5,000 rpm, 10 min). The pellet was resuspended in shearing buffer, and the DNA was sheared by sonication (Branson Sonifier 250; 15 pulses, 20 s) and centrifuged (4°C, 14,000 rpm, 10 min). The chromatin in the supernatant was immunoprecipitated with polyclonal rabbit anti-Smad3 antibody (Abcam, ab28379) (40 g of chromatin, 2 g of antibody, 4°C, overnight) and washed (three times for 10 s, ChIP buffers 1 and 2). The chromatin was eluted (elution buffer AM2), reverse cross-linked (reverse cross-linking buffer, 95°C, 15 min), purified using phenol/chloroform/isoamyl alcohol (25:24:1) (Invitrogen), washed in 70% EtOH, and dissolved in distilled H 2 O. Promoter occupancy was determined by quantitative real time PCR. Primer sequences (Integrated DNA Technologies) are available upon request.
Quantitative Real Time PCR-Total RNA was extracted from cells or tissue in TRIzol reagent (Invitrogen), washed in 75% EtOH, and dissolved in distilled H 2 O. 1.0 g of RNA was reverse transcribed using iScript cDNA synthesis kit (Bio-Rad) with random hexamers (iCycler; Bio-Rad). mRNA expression of target genes was quantified using Power SYBR Green PCR Master Mix (Applied Biosystems). mRNA expression was normalized to ␤-actin expression. Primer sequences (Integrated DNA Technologies) are available upon request.
Adenoviral Transduction-C2C12 cells were transduced with adenovirus (multiplicity of infection of 100) harboring constitutively active SMAD3 (CA-SMAD3) on day 1 of differentiation. After 48 h, cells were treated with respective drugs for an additional 24 h. Following treatment, cells were washed (1ϫ PBS), and RNA was extracted as above. CA-SMAD3 was kindly provided by Dr. Ying Zhang (NCI, National Institutes of Health) (37) .
siRNA Knockdown of SMAD3-C2C12 cells were plated in 12-well plates (40 ϫ 10 3 cells/well) and differentiated for 4 days. The cells were transfected on day 1 of differentiation for 48 h with 0.2 l of DharmaFECT transfection reagent (Dharmacon) and 25 nM of control or SMAD3 siRNA (Dharmacon) in 0.5 ml of medium. 48 h after transfection, cells were treated with respective drugs for 24 h. Following treatment cells were washed (once in PBS), and RNA was extracted as above.
Luciferase Assay-C2C12 mouse myoblasts were plated in 24-well plates (15 ϫ 10 3 cells/well) and differentiated for 4 days. Cells were transfected on day 2 of differentiation for 24 h with 3 l of X-tremeGENE HP DNA transfection reagent (Roche) and 1.0 g of GAGA-Luc in 0.5 ml of medium. 24 h after transfection cells were treated with respective drugs for 24 h. Following treatment cells were washed (once with PBS), lysed with Promega cell culture lysis reagent, and centrifuged (4°C, 14,000 rpm, 10 min), and protein concentration was determined (Pierce BCA protein assay kit). Luciferase assay (Promega) was performed according to manufactures instructions. Values are reported as relative luciferase units corrected for protein concentration.
Statistical Analysis-All results are presented as means Ϯ S.E. unless otherwise stated. All data were analyzed using the unpaired two-tailed Student's t test. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
Previous studies in our laboratory have shown that the TGF-␤ effector protein SMAD3 is a crucial regulator of energy homeostasis and body weight regulation. Loss of SMAD3 is protective against high fat diet-induced obesity and type 2 diabetes mellitus. This is attributed to WAT browning leading to increased energy expenditure and decreased fat accumulation (31) . Irisin is a PGC-1␣-induced myokine secreted from skeletal muscle following exercise and acts on WAT to induce browning, similarly to that observed in SMAD3-deficient mice (16, 31) . Thus, we investigated whether the SMAD3 pathway negatively regulates irisin production and/or secretion from skeletal muscle.
Serum Irisin and Muscle FNDC5 Are Regulated by SMAD3-To determine whether SMAD3 is involved in the regulation of FNDC5 and PGC-1␣, we used SMAD3 knock-out (Smad3 Ϫ/Ϫ ) mice. Compared with lean sedentary WT mice, lean sedentary Smad3 Ϫ/Ϫ mice showed a slight trend for increased serum irisin and skeletal muscle FNDC5 protein expression (Fig. 1, A and B). Because irisin is an exercise-regulated hormone, we exercised a group of WT and Smad3 Ϫ/Ϫ mice on a treadmill for 90 min/day for 2 weeks. In contrast to sedentary mice, when Smad3 Ϫ/Ϫ mice were subjected to 2 weeks of exercise, they showed a 145% increase in serum irisin compared with a 50% increase in exercised WT control mice (Fig. 1C ). In addition, exercised Smad3
Ϫ/Ϫ mice showed higher skeletal muscle PGC-1␣ and FNDC5 protein levels compared with exercised WT mice (Fig. 1D) .
TGF-␤ Suppresses FNDC5 and PGC-1␣ in Cultured Skeletal
Muscle Cells-To understand the role of SMAD3 signaling in irisin production and/or secretion in more detail, we used the in vitro model system of mouse C2C12 myoblasts treated with TGF-␤, the predominate SMAD3 activator (38) . C2C12 myoblasts can be differentiated into mature myotubes; thus, we explored first the effects of SMAD3 activation or inhibition on differentiated mature C2C12 myotubes and second the effects of SMAD3 activation or inhibition on C2C12 myoblasts treated during the process differentiation into myotubes. C2C12 myoblasts were differentiated for 3 days into myotubes and then treated with TGF-␤ or an inhibitor for TGF-␤ receptor 1 (TGF-␤R1) for 1 day (Fig. 1E) . Compared with undifferentiated C2C12 myoblasts, differentiated C2C12 myotubes have increased mRNA levels and protein expression of PGC-1␣ and FNDC5 (Fig. 1, F and G) . Treatment of differentiated C2C12 myotubes with TGF-␤ suppressed PGC-1␣ and FNDC5 mRNA levels and FNDC5 protein expression, whereas treatment with TGF-␤R1 inhibitor led to an increase in PGC-1␣ mRNA levels (Fig. 1, F and G) . In differentiated C2C12 myotubes, the TGF-␤ suppression of PGC-1␣ mRNA began early at 4 h, whereas the suppression of FNDC5 mRNA was not observed until later at 8 h (Fig. 2A) . A similar time-dependent effect was observed following inhibition of TGF-␤R1; PGC-1␣ mRNA increased early at 4 h. However, FNDC5mRNA decreased later at 24 h. C2C12 myoblasts were then differentiated into myotubes for 4 days in the presence of TGF-␤ or TGF-␤R1 inhibitor (Fig. 3A) . Compared with treatments after differentiation of myoblasts into myotubes (Figs. 1, E-G, and 2 ), continual treatment with TGF-␤ during differentiation of C2C12 myoblasts into myotubes (Fig. 3, A-C) suppressed PGC-1␣ and FNDC5 mRNA levels and protein expression to a much greater extent, whereas treatment with TGF-␤R1 inhibitor led to a greater increase in PGC-1␣ and FNDC5 mRNA levels (compare Fig. 1F with Fig.  3B ). Lastly, SMAD7 mRNA levels, a positive control for SMAD3 activation, were increased by TGF-␤ and suppressed by TGF-␤R1 inhibitor, whereas Myf5 mRNA levels, a positive control for C2C12 myoblasts differentiation into myotubes, were increased following differentiation (Figs. 1F, 2, A and B, and 3B). These results suggest that SMAD3 may suppress PGC-1␣ and FNDC5 mRNA levels and protein expression in cultured muscle cells and that the negative regulation by SMAD3 is most effective during muscle differentiation (compare Fig. 1F with Fig. 3B) .
SMAD3 Binds the Promoter Regions of FNDC5 and PGC-1␣ in Cultured Skeletal
Muscle Cells-We next inquired whether the changes in expression of PGC-1␣ and FNDC5 transcripts were a direct effect of SMAD3 binding to their respective promoters (38) . We have previously demonstrated that SMAD3 binds the PGC-1␣ promoter and suppresses its activity in cultured 3T3-L1 adipose cells (31) . To investigate whether SMAD3 was suppressing PGC-1␣ and FNDC5 mRNA levels in C2C12 myotubes by binding to and inhibiting their respective promoters, we performed ChIP against SMAD3 in C2C12 myotubes. C2C12 myoblasts were differentiated for 4 days into myotubes in the presence of TGF-␤ (Fig. 3A) . Compared with undifferentiated C2C12 myoblasts, differentiated C2C12 myotubes have slightly increased SMAD3 binding to the PGC-1␣ and FNDC5 promoter (Fig. 3, D and E) . During differentiation of C2C12 myoblasts into myotubes, treatment with TGF-␤ increased SMAD3 binding to the PGC-1␣ and FNDC5 promoter (Fig. 3, D and E ) that was associated with suppressed PGC-1␣ and FNDC5 mRNA levels (Fig. 3B) . These results demonstrate that SMAD3 binds the promoter regions of PGC-1␣ and FNDC5 and suggests that SMAD3 suppresses PGC-1␣ and FNDC5 mRNA levels by inhibiting the activation of their respective promoters.
FNDC5 and PGC-1␣ Are Regulated by SMAD3 in Cultured Skeletal Muscle Cells-We have shown that SMAD3 regulates irisin/FNDC5 in vivo (Fig. 1, A-D) and established in a cell culture system that SMAD3 potentially suppresses FNDC5 and PGC-1␣ by inhibiting their respective promoters. To further demonstrate that SMAD3 suppresses FNDC5 and PGC-1␣ in skeletal muscle, we used siRNA to knock down SMAD3 and an adenovirus harboring constitutively active (CA)-SMAD3 to overexpress CA-SMAD3 in C2C12 myotubes (37) . C2C12 myoblasts were differentiated for 3 days into myotubes in the presence of SMAD3 siRNA and then treated with TGF-␤ or a TGF-␤R1 inhibitor for 1 day (Fig. 4A) . Compared with transfection of C2C12 myotubes with nontargeting siRNA, transfec- 
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tion with siRNA against SMAD3 knocked down SMAD3 mRNA levels and protein levels by 30 and 38%, respectively (Fig. 4, B and C) . Although the siRNA only modestly knocked down SMAD3 protein levels, it was sufficient to block 50% of SMAD3 activity as assessed by a SMAD3 luciferase reporter construct and 48% of SMAD3 activity as assessed by expression of the SMAD3 target gene SMAD7 (Fig. 4, D and E) . Treatment of C2C12 myotubes transfected with a SMAD3 luciferase reporter construct with TGF-␤ increased luciferase activity, whereas treatment with TGF-␤ together with either TGF-␤R1 inhibitor or SMAD3 siRNA prevented the increase in luciferase activity (Fig. 4D) . Transfection of differentiating C2C12 myotubes with SMAD3 siRNA suppressed the mRNA levels of the SMAD3 target gene SMAD7 (Fig. 4E) and blocked the TGF-␤ induced increase in SMAD7 mRNA levels (Fig. 4E ). These data demonstrate the effectiveness of SMAD3 siRNA in knocking down and inhibiting SMAD3 activity (Fig. 4, B-E) . Compared with nontargeting siRNA, SMAD3 siRNA had no effect on FNDC5 or PGC-1␣ mRNA levels (Fig. 4E) . Treatment with TGF-␤ suppressed FNDC5 and PGC-1␣ mRNA levels, and this suppression was prevented by SMAD3 siRNA knockdown (Fig.  4E ). These results demonstrate the requirement for SMAD3 in the TGF-␤-mediated suppression of FNDC5 and PGC-1␣ mRNA levels.
C2C12 myoblasts were differentiated for 3 days into myotubes in the presence of CA-SMAD3 and then treated with TGF-␤ or a TGF-␤R1 inhibitor for 1 day (Fig. 4A) . Transduction of C2C12 myotubes with adenovirus harboring constitutively active SMAD3 led to a greater than 10-fold increase in SMAD3 mRNA compared with adenovirus harboring green fluorescent protein (Fig. 4G) . Treatment of C2C12 myotubes transfected with a SMAD3 luciferase reporter construct with TGF-␤ increased luciferase activity, whereas treatment with TGF-␤ together with a TGF-␤R1 inhibitor prevented the increase in luciferase activity (Fig. 4F ). Adenoviral transduction with CA-SMAD3 increased luciferase activity to a much greater extent than TGF-␤ treatment, and the luciferase activity was not blocked by treatment with a TGF-␤R1 inhibitor (Fig. 4F) . Furthermore, adenoviral transduction of differentiating C2C12 myotubes with CA-SMAD3 increased mRNA levels of the SMAD3 target gene SMAD7 (Fig. 4H ) and blocked the TGF-␤R1 inhibitor-induced suppression of SMAD7 mRNA levels (Fig. 4H ). These data demonstrate the effectiveness of overexpressing CA-SMAD3 in increasing SMAD3 activity (Fig. 4,  F-H) . Adenoviral transduction of differentiating C2C12 myotubes with CA-SMAD3 suppressed PGC-1␣ and FNDC5 mRNA levels similar to TGF-␤ treatment (Fig. 4H) . Treatment with TGF-␤R1 inhibitor led to an increase in FNDC5 and PGC-1␣ mRNA levels, and this increase was prevented by CA-SMAD3 expression (Fig. 4H ). Taken together with the siRNA data (Fig. 4, B-E) and the data from Smad3 Ϫ/Ϫ mice (Fig. 1,  A-D) , these results further demonstrate that SMAD3 suppresses both PGC-1␣ and FNDC5 levels.
Exercise Increases Serum Irisin and Skeletal Muscle FNDC5 and Induces Browning in Subcutaneous Adipose
Tissue-Published reports show that the role of SMAD3 signaling in regulating energy homeostasis, WAT browning, and body weight is most pronounced under conditions of metabolic stress such as prolonged cold exposure or high fat feeding (30, 31) . Before investigating the role of SMAD3 in regulating irisin in obese mice, we first established an exercise regime that led to increased irisin and WAT browning in lean mice. It was previously reported that mice exercised with free running wheels or in a countercurrent swim tank have increased serum irisin causing WAT browning (16) . We began our study using three types of exercise (free running wheels, treadmill, and countercurrent swim tank) to determine which model gives the strongest increase in irisin for further experimentation. For the treadmill and swimming models, mice were exercised for 3 weeks at 90 min/day, and we found that compared with sedentary mice, both treadmill-and swimming-exercised mice showed a 33% increase in serum irisin at week 2 along with an increase in the area under the curve over the 3 weeks of exercise (Fig. 5, A and  B) . However, only the treadmill-exercised mice showed an associated increase in FNDC5 mRNA expression levels and protein expression in skeletal muscle (Fig. 5, C-E) . Both treadmill-and swimming-exercised mice showed similar increases in skeletal muscle PGC-1␣ mRNA levels and protein expression, demonstrating the effectiveness of the exercise regimes. The increase in serum irisin was associated with increased subcutaneous WAT browning markers in exercised mice (Fig. 5F ). Thus, compared with sedentary mice, exercised mice have increased expression of the BAT markers PGC-1␣; its downstream target UCP-1, the major protein responsible for nonshivering thermogenesis; and PRDM16 (PR domain containing 16), the transcriptional regulator of BAT differentiation (39) (Fig. 5F ). For the free running model, mice had free access to a running wheel for 3 weeks. Although FNDC5 and PGC-1␣ protein levels were increased after 3 weeks of voluntary running, there was no increase in serum irisin (Fig. 5, D and E, and data not shown). Because treadmill exercise gave the strongest serum irisin and skeletal muscle FNDC5 response, it was used for the high fat diet (HFD) study below.
Irisin Is Inversely Correlated with SMAD3 in Exercised Obese Mice-To explore the role of SMAD3 signaling in regulating irisin production and/or secretion under conditions of metabolic stress, we fed one group of mice a 60% HFD for 9 weeks and obtained a second group of age-matched lean mice fed a normal chow diet (NCD). Both groups of mice were exercised by treadmill for 2 weeks. Compared with normal chow fed mice, HFD feeding led to increased body weight, predominately composed of adipose tissue, and mild hyperglycemia, demonstrating the effectiveness of the HFD (Fig. 6, A-C) . Two weeks of treadmill exercise produced similar increases in serum irisin in both lean and HFD-fed mice compared with sedentary control mice (Fig. 6, D and E) . The increased serum irisin in exercised lean and HFD-fed mice was associated with increased skeletal muscle PGC-1␣ and FNDC5 mRNA levels (Fig. 6F) . Compared with sedentary controls, only the exercised HFD-fed mice showed a decrease in serum TGF-␤ levels (Fig. 6, G and H) .
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We last investigated whether SMAD3 may play a role in the negative regulation of irisin in vivo. Compared with sedentary lean mice, sedentary HFD-fed mice show increased skeletal muscle total SMAD3 and phosphorylated SMAD3 (pSMAD3) (Fig. 6I) . Exercised lean mice, compared with sedentary mice, showed an increase in pSMAD3 and total SMAD3 (Fig. 6I) . In contrast to exercised lean mice, in which pSMAD3 was increased, exercised HFD-fed mice showed reduced pSMAD3, whereas total SMAD3 levels remained unchanged (Fig. 6I) . The decreased pSMAD3 in HFD-fed exercised mice is consistent with the decrease in serum TGF-␤ levels (Fig. 6, G and H) and suggests that SMAD3 negatively regulates irisin production 
DISCUSSION
Obesity results from an imbalance between energy intake and energy expenditure. Thus, preventing excess energy from being stored as fat in WAT and ectopically in liver, muscle, and pancreas represents an attractive avenue for obesity therapeutics. We previously reported that inhibition of SMAD3 signaling protects against obesity and type 2 diabetes during high fat feeding (31). Here we provide data, using cultured skeletal muscle cells and SMAD3-deficient mice, demonstrating that SMAD3 negatively regulates irisin production and/or secretion from skeletal muscle cells by suppressing FNDC5 and PGC-1␣ mRNA and protein levels. These data establish SMAD3 as a novel molecular regulator of irisin/FNDC5 transcription in skeletal muscle.
SMAD3 suppresses FNDC5 and PGC-1␣ in skeletal muscle cells. First, TGF-␤ treatment, the predominate activator of SMAD3, suppressed while TGF-␤R1 inhibition increased FNDC5 and PGC-1␣ mRNA levels. Second, expression of CA-SMAD3 prevented the TGF-␤R1 inhibition-induced increase in FNDC5 and PGC-1␣ mRNA levels, whereas siRNA knockdown of SMAD3 prevented the TGF-␤-induced suppression of FNDC5 and PGC-1␣ mRNA levels. Third, exercised Smad3 Ϫ/Ϫ mice had increased serum irisin and skeletal muscle FNDC5 and PGC-1␣ protein levels compared with exercised wild-type mice. Lastly, TGF-␤ treatment led to SMAD3 binding to the FNDC5 and PGC-1␣ promoters, suggesting that the inhibition is due to SMAD3 inhibiting FNDC5 and PGC-1␣ promoter activity. These findings are summarized in Fig. 7 . This is the first report of SMAD3 regulating irisin production and/or secretion by suppressing FNDC5 and PGC-1␣ in skeletal muscle. We and others have previously reported that TGF-␤/ SMAD3 activation suppresses PGC-1␣ in 3T3-L1 adipocytes and A549 lung cells, whereas TGF-␤3 induces PGC-1␣ in differentiating human mesenchymal stem cells (31, 40, 41) . Thus, our data both support and add to the literature of the SMAD3-PGC-1␣ pathway.
Bostrom et al. (16) previously reported that irisin is a PGC-1␣-dependent myokine and our findings support this conclusion. Using TGF-␤ as an activator of SMAD3 (38), we found that following TGF-␤ administration in cultured skeletal muscle cells PGC-1␣ mRNA levels decreased beginning at 4 h and remained suppressed through 24 h, whereas FNDC5 mRNA levels did not begin decreasing until 8 h and were maximally suppressed at 24 h. The expression kinetics of PGC-1␣ and FNDC5 mRNA support the notion that PGC-1␣ regulates FNDC5 expression. Furthermore, we found that TGF-␤ treatment during C2C12 differentiation suppressed FNDC5 and PGC-1␣ mRNA levels to a much greater extent than treatment after differentiation arguing for a continual effect of SMAD3 on the expression of these proteins. This may be due to SMAD3 programming of C2C12 cells during differentiation because SMAD3 associates with master transcription factors during muscle differentiation (42) . Alternatively, this could be a result of TGF-␤-induced inhibition of C2C12 differentiation via SMAD3 (43) .
We used TGF-␤ as an activator of SMAD3 in our cell culture experiments (38) . Although we used siRNA knockdown of SMAD3, overexpression of CA-SMAD3 and Smad3
Ϫ/Ϫ mice to demonstrate the role of SMAD3 in suppressing FNDC5/irisin, there is the possibility that other pathways downstream of TGF-␤ are involved. In addition to SMAD3, TGF-␤ also signals through other SMADs in addition to noncanonical, non-SMAD pathways (mitogen-activated protein kinases and c-Jun N-terminal kinases pathways) (44, 45) . With the exception of SMAD7, which we used as a control because it is potently increased by TGF-␤, we have not explored the role of the other SMADs in the TGF-␤ suppression of FNDC5 and PGC-1␣. Kollias et al. (46) reported that SMAD7 enhances C2C12 differentiation by directly interacting with the muscle regulatory factor (MyoD), demonstrating the importance of other SMADs in C2C12 functions. Future studies are needed to determine whether other SMADs are involved in the suppression of FNDC5 and/or PGC-␣ in skeletal muscle.
In obese exercised mice, we found a negative association between serum irisin and skeletal muscle SMAD3. Obese sedentary mice had higher skeletal muscle phosphorylation (pSMAD3) than lean sedentary mice, an observation we also see in adipose tissue and liver. 3 In contrast to lean mice, where exercise increased skeletal muscle pSMAD3, exercise decreased skeletal muscle pSMAD3 in obese mice. Importantly, the decrease in skeletal muscle pSMAD3 in obese mice was associated with increased skeletal muscle FNDC5 mRNA and serum irisin, suggesting that SMAD3 negatively regulates irisin. Furthermore, the decrease in pSMAD3 in exercised obese mice was associated with a decrease in serum TGF-␤, although it is not clear whether this is responsible for the decreased pSMAD3. It is possible that TGF-␤ may not be the sole regulator of pSMAD3 or irisin in exercised mice. Exercised lean mice showed increased skeletal muscle pSMAD3 and no changes in serum TGF-␤ levels. Further, there is no correlation between serum TGF-␤ and irisin in exercised lean mice, and lastly, there 3 J. P. Tiano, S. G. Rane, U. Wankhade, and H. Yadav, unpublished data. 
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is only a weak negative correlation between serum TGF-␤ and irisin in exercised obese mice (data not shown). It is plausible that the in vivo regulation of SMAD3 and irisin may be due to another circulating factor or to a distinct exercised-induced cellular pathway.
SMAD3 has been demonstrated to signal independently of TGF-␤. For example, myostatin and activin, TGF-␤ superfamily members, are known to signal through SMAD3 via the activin type II receptor (47-50). Shan et al. (51) reported that myostatin, in sedentary mice, negatively regulates skeletal muscle FNDC5 production through the AMPK-PGC-1␣ pathway to inhibit WAT browning via decreased serum irisin. Yoshida et al. (52) reported that activin A, similarly to TGF-␤, inhibits brown adipogenesis by suppressing sterol regulatory elementbinding protein 1c. However, neither group explored the role of exercise or SMADs in their study.
SMAD3 activity in response to exercise appears to be regulated differently in lean and obese mice. Exercised lean mice showed increased skeletal muscle pSMAD3, suggesting activation of the SMAD3 pathway, whereas exercised obese mice, in contrast, showed decreased skeletal muscle pSMAD3, suggesting inactivation of the SMAD3 pathway. How can exercise, known to provide numerous beneficial metabolic effects (16, (53) (54) (55) (56) , both increase and decrease pSMAD3? It may be that chronic pSMAD3, such as that observed in skeletal muscle (this study), liver, 3 and WAT during obesity (31, 57) , is metabolically harmful, whereas acute pSMAD3, such as that induced by exercise, is metabolically beneficial. Thus, in skeletal muscle from lean mice in which pSMAD3 is low, exercise increases pSMAD3, whereas in skeletal muscle from obese mice in which pSMAD3 is chronically elevated, exercise decreases pSMAD3. Evidence is accumulating that SMAD3 signaling is increased in WAT and skeletal muscle of obese mice and humans associated with insulin resistance and poor metabolic function (31, 57, 58) . In addition, strength training exercise (24 and 48 h) decreases pSMAD3 in skeletal muscle of overweight older men (59) . Furthermore, the phosphorylation status of SMAD3 is not indicative of which promoters it is regulating, and indeed, SMAD3 regulates cellular promoters in a cell type-specific manner (42) .
Although irisin was discovered 3 years ago, the ability of exercise to induce irisin secretion into the circulation, and its role in WAT browning in humans remains unresolved. Hofmann et al. (60) recently reported in a review that of 10 human studies assessing the role of exercise in inducing muscle FNDC5 mRNA expression or increasing circulating irisin, only half reported a positive effect of exercise on FNDC5/irisin induction. Of an additional three studies, only one reported an increase in serum irisin following exercise (27, 61, 62) . However, the 13 studies used different lengths (acute versus chronic) and intensities of exercise, and the human populations studied differed. For example, two of the studies only included obese individuals, one included heart failure patients, one included anorexic patients, and many were composed of either all old or all young subjects (60) . It is plausible that differences in exercise protocols could account for the variations in the obtained results. Huh et al. (23) and Kraemer et al. (26) both reported that irisin is increased acutely (1 week and 54 min, respectively) following exercise, but after chronic exercise (8 weeks and 90 min, respectively), irisin levels are no longer increased. The one constant in the large majority of all irisin studies, with the exception of one study (63) , is that they all acknowledge that humans produce and secrete irisin into the circulation (60) . Further studies are needed to determine how (or whether) exercise increases irisin in humans and whether exercised-induced irisin leads to WAT browning.
In summary, our data show that the SMAD3 pathway negatively regulates irisin production and/or secretion by inhibiting FNDC5 and its upstream activator, PGC-1␣, gene expression in skeletal muscle cells. Further elucidation of the mechanisms underlying the SMAD3 inhibition of irisin may reveal novel drug targets for inducing WAT browning. Indeed, earlier this year, Cypess et al. (64) showed that pharmacological induction of human BAT/beige fat by the Food and Drug Administration-approved ␤-3-adrenergic receptor agonist mirabegron is sufficient to increase resting metabolic activity by 203 Ϯ 40 kcal/day. With respect to SMAD3, the Food and Drug Administration recently granted Novartis a breakthrough therapy designation for their human anti-ActRII antibody (BYM338 or bimagrumab) that works by inhibiting the myostatin/activin type II receptor and preventing myostatin-induced pSMAD3 (65) . Although designed for treatment of severe muscle wasting, our results suggest it could be adapted for promoting WAT browning by increasing skeletal muscle irisin production. In addition, Genzyme and Cambridge Antibody Technology developed a human monoclonal antibody called fresolimumab (GC1008) that binds and inhibits all three isoforms of TGF-␤ (66). It is currently in phase II trials for steroidresistant primary focal segmental glomerulosclerosis, but we have previously demonstrated that a mouse analog of fresolimumab (1D11) ameliorates obesity and type 2 diabetes in obese mice by suppressing SMAD3 activity and increasing WAT browning (31) .
In conclusion, although beige fat has been very recently recognized to play a role in energy homeostasis, it is important to better understand which signaling pathways regulate its appearance and activation. Our studies support the role of TGF-␤/SMAD3 signals in driving beige fat development via modulating the FNDC5/PGC-1␣ axis. Specifically, our findings shed light on the poorly understood regulation of FNDC5/irisin by demonstrating that SMAD3 regulates irisin/FNDC5 production and/or secretion from skeletal muscle.
